ABSTRACT: Two viral hemorrhagic septicemia virus (VHSV) isolates, VHSV-KR-CJA and VHSV-KR-YGH, were isolated from viral hemorrhagic septicemia disease outbreaks in flounder farms in South Korea. The VHSV-KR-CJA isolate was isolated from a flounder farm with high mortality (80%), while the VHSV-KR-YGH isolate was isolated from a flounder farm with low mortality (15%), suggesting that these isolates differ in virulence. The virulence of these isolates was evaluated in juvenile flounder via intraperitoneal injection. Consistent with their virulence in the field, mortality data revealed that the VHSV-KR-CJA isolate was highly pathogenic (cumulative mortality of 80%), while the VHSV-KR-YGH isolate was less pathogenic in flounder (cumulative mortality of 20%). To characterize the genotypes of these viruses, the full open reading frames (ORFs) encoding nucleoprotein N, phosphoprotein P, matrix protein M, glycoprotein G, nonstructural viral protein NV, and polymerase L of these viruses were sequenced and analyzed. Sequence analysis revealed that both isolates are genetically very similar (identical amino acid sequences for P, M, NV, and L and > 99.7 and 99.8% amino acid sequence identity for N and G, respectively). Phylogenetic analysis indicated that both of these viruses belong to the Genotype IVa group, suggesting that they originated from a common ancestral virus. The low pathogenicity VHSV strain may potentially evolve to become a more pathogenic strain through only a few nucleotide substitutions. Further functional analyses of mutations in VHSV genes are necessary to identify factors that determine VHSV pathogenicity in flounder.
INTRODUCTION
Viral hemorrhagic septicemia virus (VHSV), the causative agent of viral hemorrhagic septicemia (VHS), is an enveloped negative-strand RNA virus in the genus Novirhabdovirus of the family Rhabdoviridae (Walker et al. 2000) . The VHSV genome consists of approximately 11 200 nucleotides and contains 6 genes that encode a non-structural protein (NV) and 5 structural proteins: nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G) and RNA polymerase (L) arranged in the order 3'-N-P-M-G-NV-L-5' (Schütze et al. 1999) . VHSV was first isolated from rainbow trout in Europe (Jensen 1965) , where it causes serious economic problems in rainbow trout farming (Wolf 1988 , Smail 1999 . Later, VHSV was isolated from several marine fish species in northern hemisphere waters near Japan, Europe, and North America (Mortensen et al. 1999 , Takano et al. 2000 , Hedrick et al. 2003 , indicating the widespread occurrence of this virus in the marine environment.
Phylogenetic analyses of the N-and G-encoding genes of VHSV have identified 4 main genotypes (I to IV), with several subgroups within Genotypes I (minimum Ia to Ie) and IV (IVa and IVb) (Snow et al. 1999 , Einer-Jensen et al. 2004 , Lumsden et al. 2007 . These genotypes reflect a largely geographic rather than a species-specific distribution. Genotype I includes a wide range of viruses originating from freshwater rainbow trout farms in continental Europe (Thiéry et al. 2002 , Einer-Jensen et al. 2004 ) and a large number of isolates originating from marine species in the Baltic Sea, Skagerrak, Kattegat, and English Channel (Dixon et al. 1997 , Einer-Jensen et al. 2004 , Snow et al. 2004 . Genotype II includes a limited number of VHSV isolates recovered from the Baltic Sea (Snow et al. 2004) . Genotype III includes isolates from the North Sea (Einer-Jensen et al. 2004 , Snow et al. 2004 , North Atlantic (López-Vázquez et al. 2006) , and from seawater-reared rainbow trout in western Norway (Dale et al. 2009 ). Genotype IV consists of viruses from the Pacific coast and Atlantic coast of North America as well as isolates from the Great Lakes region of North America and from Asia (Nishizawa et al. 2002 , Kim et al. 2003 , Elsayed et al. 2006 , Gagné et al. 2007 , Lumsden et al. 2007 .
VHSV isolates from wild marine fish are serologically (Winton et al. 1989 , Einer-Jensen et al. 1995 , Benmansour et al. 1997 ) and genetically (EinerJensen et al. 2004 , Snow et al. 2004 , Campbell et al. 2009 ) similar to those from fish farms, but marine isolates typically produce little or no mortality in rainbow trout fry following waterborne challenge (Dixon et al. 1997 , Campbell et al. 2009 ). The close genetic similarity of high and low pathogenicity VHSV isolates indicates that only small differences in the virus genome may be involved in the determination of VHSV virulence in rainbow trout (Betts & Stone 2000 , Campbell et al. 2009 ). It has been experimentally shown that the growth of a non-pathogenic marine isolate is severely inhibited at the initial stage of virus infection in immersion-challenged rainbow trout (Campbell et al. 2011) . However, factors influencing the growth of genetically similar VHSV isolates have not yet been determined.
VHSV was first isolated in Asian countries in 1996 from cultured flounder Paralichthys olivaceus, which is an important fish species in aquaculture (Takano et al. 2000) . Since then, VHSV infections have been reported in many flounder farms in Japan (Isshiki et al. 2001 , Takano et al. 2001 and Korea (Kim et al. 2003 , 2009 ). All VHSV isolates from cultured flounder in Asia thus far identified belong to the Genotype IVa clade.
In this study, we isolated 2 VHSV isolates, VHSV-KR-CJA and VHSV-KR-YGH, from viral hemorrhagic septicemia disease outbreaks in flounder farms in Korea, determined their genotypes, and tested their pathogenicity in flounder. Field data and experimental mortality testing revealed that the VHSV-KR-CJA isolate is highly pathogenic but that the VHSV-KR-YGH is much less pathogenic in cultured flounder. Sequence analysis of genes encoding the N, P, M, G, NV, and L proteins revealed a high amino acid similarity between the 2 isolates, and both isolates were classified into the Genotype IVa group of VHSV viruses. This paper is the first to report VHSV isolates that are genetically similar but differentially virulent in flounder.
MATERIALS AND METHODS

Cell line
The epithelioma papillosum cyprinid (EPC) cell line was grown in Eagle's minimal essential medium (MEM) supplemented with 10% fetal bovine serum (GIBCO-BRL) at 15 to 19°C.
Viruses
In April 2010, VHS outbreaks occurred at olive flounder farms from 2 separate areas in South Korea: one at Wando on the Korean mainland and the other at Jeju Island (Fig. 1) and filtered aseptically through a 0.45 µm pore diameter membrane filter. The filtrate was inoculated into EPC cells in 24-well dishes at final dilution ratios of 1:100 and 1:1000. Inoculated cultures were incubated at 16°C and observed regularly under a microscope for the occurrence of cytopathic effects (CPE). When CPE were evident, the cell culture medium was collected. Once a full cytopathic response had been observed, the virus was stored at −80°C and virus stocks were quantified by a standard plaque assay (Batts & Winton 1989) . The host species, location, and year of isolation of the VHSV isolates used in this study are provided in Table 1 .
Pathogenicity experiments in flounder
To test the pathogenicity of the VHSV isolates, olive flounder were experimentally infected. Flounder fingerlings weighing 10.9 ± 0.3 g (mean ± SE) were purchased from a commercial fish farm without a history of VHS for the prior 3 yr, and 20 to 40 fish were stocked in each tank and acclimated for 1 wk. VHSV isolates used in the pathogenicity test had a low passage number (less than 7 passages) and were propagated and titrated on EPC cells. Fish in duplicate tanks were intraperitoneally (i.p.) infected with VHSV isolates or control media in an inoculum volume of 50 µl, representing a dose of 1 × 10 5 plaqueforming units (PFU) per fish. Fish were anesthetized by bathing them in benzocaine solution, and then i.p. injected with a new needle and syringe for each isolate and transferred to tanks. Tanks were monitored twice daily for fish showing signs of ill health. Cumulative mortalities at the end of the trial within and between different groups in each experiment were compared by chi-square analysis. A p-value less than 0.05 was considered statistically significant.
Histological examination
Tissue samples from the kidney, spleen, liver, and gill were fixed with Bouin's solution. Fixed tissues were dehydrated in alcohol (70 to 100%) and embedded in paraffin. Tissue sections (4 µm thick) were stained with hematoxylin and eosin (H&E) solution and then examined under a light microscope (Carl Zeiss, Axiolab).
RNA extraction, cDNA synthesis, and PCR amplification
Total RNA was extracted from pooled tissues of moribund fish or virus-infected cells using Trizol according to the manufacturer's protocol (Invitrogen). cDNA was synthesized from total RNA using reverse transcriptase (Beams). Partial genes of infectious hematopoietic necrosis virus (IHNV), VHSV, nodavirus, hirame rhabdovirus (HIRRV), iridovirus, and marine birnavirus, and full length open reading frames (ORFs) of the genes encoding the G, N, P, and nonvirion protein of the VHSV isolates were amplified by PCR using PCR primers ( Table 2 ). The PCR products were cloned into the pGEM-T Easy vector (Promega), and sequencing was performed by Solent, Korea, on an automatic DNA sequencer (ABI3730XL, Applied Biosystems) with forward and reverse primers and overlapping primers designed from the sequencing results.
Sequence analysis
Nucleotide BLAST analysis was used to identify related reference viruses, and reference sequences were obtained from GenBank. The nucleotide sequences and the deduced amino acid sequences were aligned using CLUSTAL W (Thompson et al. 1994 ) and the phylogenetic tree was constructed using TreeView (Page 1996) . The phylogenetic relationships among species were determined using the neighbor-joining (NJ) method (Saitou & Nei 1987) and the reliability of the NJ tree was inferred using the Felsenstein (1985) bootstrap method with 1000 replicates.
Nucleotide sequence accession numbers
The nucleotide sequence data reported in this paper were deposited in GenBank (GenBank acces- 
RESULTS AND DISCUSSION
In 2010, mortalities occurred among the fingerlings of flounders cultured at 2 fish farms located in Wando on the Korean mainland and on Jeju Island, 2 geographically distant locations (Fig. 1, Table 1 ). The net losses of fingerlings at the affected farms were 15% in Wando and 80% on Jeju Island. The diseased fish showed typical VHS lesions: exophthalmia, small hemorrhages in the eye orbits and skin, dark body coloration, an expanded abdomen due to ascites, pale gill coloration, and internally, a congested liver, splenomegaly, swollen kidney, and occasional hemorrhage in the lateral musculature. Parasites and bacteria were not consistently recovered from the organs of the diseased fish.
Previously, several fish viruses such as VHSV (Kim et al. 2003 (Kim et al. , 2009 ), IHNV (Park et al. 1993 , Kim et al. 2007 , HIRRV (Kim et al. 2005) , marine birnavirus (Sohn et al. 1995) , beta nodavirus (Cha et al. 2007) , and iridovirus (Do et al. 2005 ) have been isolated from flounders cultured in Korea. Thus, at first, we screened the moribund fish for these viruses by RT-PCR using PCR primers specific for genes from these fish viruses. Only VHSV genes were amplified from flounders from both farms (data not shown). These results suggested that the cau sa tive agent could be VHSV. Next, we inoculated EPC cells with tissue homogenates from moribund fish obtained from the 2 farms and detected CPE in these cells. The virus isolates were identified as VHSV by RT-PCR and we named the VHSV isolates from Wando and Jeju Island VHSV-KR-YGH and VHSV-KR-CJA, respectively. We evaluated the pathogenicity of the isolates in flounder fingerlings by i.p. inoculation. Consistent with their field history, the VHSV-KR-YGH and VHSV-KR-CJA isolates produced a cumulative mortality of 20% (15 to 25%) and 80% (77 to 83%), respectively (Fig. 2) . Infected fish showed signs typical of VHS, and VHSV genes were isolated from dead fish by RT-PCR. Negative control fish had a cumulative mortality of 5% (5% and 5% in both tanks). However, VHSV genes were not detected in the dead fish from the negative control group. Collectively, our results indicated that while KR-CJA is highly pathogenic in flounder, KR-YGH is much less pathogenic in these fish.
VHSV isolates have been classified into 4 genotypes (I to IV) and several subgroups (Ia to Ie in Genotype I; IVa and IVb in Genotype IV) based on the sequences of the genes encoding G and N (Snow et al. 1999 , Einer-Jensen et al. 2004 , Lumsden et al. 2007 . To determine the genetic characteristics of our 2 VHSV isolates, we amplified the full-length ORFs of G and N by PCR. In addition, we amplified the fulllength ORFs of the genes encoding M, P, NV, and L. We cloned the PCR products into the pGEMt vector and sequenced the inserts. Each nucleotide position in the genes was determined at least twice from each DNA strand. The P, M, and NV sequences of the 2 isolates were identical (Table 3 ). The N, G, and L ORFs are 1215, 1524, and 5955 bp in length and code for proteins of 404, 507, and 1984 amino acids, respectively. One nucleotide and 1 amino acid in the N and G genes and proteins, respectively, were different between the 2 isolates, whereas there were 2 silent nucleotide changes in the L gene between the 2 isolates ( Table 3 ). The percentage nucleotide sequence identity among the 3 genes (N, G, and L) of the 2 isolates was over 99.9%, and the predicted amino acid sequence similarity of the N, G, and L genes were 99.7, 99.8, and 100%, respectively. These results suggest that the 2 isolates originated from the same progenitor viruses. To characterize the genetic origin of the 2 VHSV isolates, we compared the full amino acid sequences of the G protein of the 2 VHSV isolates to those of 31 other VHSV isolates available in GenBank (Table 4) .
Consistent with previous reports (Snow et al. 1999 , Einer-Jensen et al. 2004 , Lumsden et al. 2007 , 4 VHSV groups corresponding to 4 genotypes (I to IV) were evident in the phylogenetic tree. Both VHSV-KR-CJA and VHSV-KR-YGH isolates clustered within Genotype IV. VHSV Genotype IV is subdivided into IVa and IVb. VHSV isolates from the Pacific coast of North America, Great Lakes and Asia are classified into IVa and those from the Atlantic coast of North America into IVb (Elsayed et al. 2006 , Gagné et al. 2007 . Both VHSV-KR-CJA and VHSV-YGH isolates shared the highest similarity with VHSV isolates from flounder in Japan (JP99Obama25, JF00Ehi1 and KRRV9822) and Korea (JF-KR) and belong to subgroup IVa (Fig. 3A) . A phylogenetic tree produced with the N gene sequences also grouped these isolates into subgroup IVa (data not shown). Since the first isolation of VHSV from cultured flounder in 2001 (Kim et al. 2003 , VHSV has been detected not only in cultured flounder, but also in wild marine fishes in Korea (Kim et al. 2003 , Kim & Park 2004 , Lee et al. 2007 , indicating the widespread occurrence of VHSV in the marine environment. To determine the genetic origin of the VHSV-KR-CJA and VHSV-KR-YGH isolates, we compared their G sequences with those of VHSVs isolated from both cultured flounder and other wild marine fishes in Korea (Table 4) . Except for 1 Korean isolate, JF-KR, for which the full-length ORF of G was determined (Kim et al. 2003) , only partial G sequences of other Korean isolates are available in GenBank and, thus, only 201 nucleotides of the G gene sequence (nucleotides 429 to 629 of the ORF) of the Korean VHSV isolates were used in the analysis. As shown in Fig. 3B , the VHSV isolates from marine fishes in Korea were found to be genetically similar to those from cultured flounder in Korea, and all Korean VHSV isolates were classified into the Genotype IVa group, suggesting that they originated from the same ancestor.
Marine VHSVs are represented in all 4 genotype groups and are considered to be the original reservoir of VHSVs (Einer-Jensen et al. 2004) . Even though VHSV has been detected only recently in wild marine fishes in Korea, VHSV seems to have been present for a very long time in the marine environment of the Korean peninsula. Flounder are cultivated using seawater, and thus it is highly probable that marine VHSV may have been introduced to cultured flounder through the seawater used for culture. The observation that all VHSVs isolated from cultured flounder belong to Genotype IVa may be due to geography. All Korean VHSV isolates studied to date are Genotype IVa, indicating that only Genotype IVa has been introduced in cultured flounder. If other genotypes are introduced into the marine environment of the Korean peninsula, it is possible that they may be virulent to cultured flounder. Thus, it is very important to prevent the introduction of other genotypes of VHSV into cultured flounder.
The virulence factors of VHSV have not yet been determined. Like other rhabdoviruses, VHSV is highly sensitive to interferon (IFN) produced by host cells (O'Farrell et al. 2002) . Thus, viral factors involved in the control of IFN levels may determine the virulence of VHSV. VHSV G has been reported to induce an IFN response (Boudinot et al. 2004 , Tafalla et al. 2007 and play a decisive role in determining the virulence of VHSV (Béarzotti et al. 1995 , Stone et al. 1997 . The NV of IHNV, a fish rhabdovirus, has been found to suppress the host IFN response and support viral growth (Choi et al. 2011) . Thus, in terms of the host IFN response, VHSV G and NV may play important roles in VHSV virulence. However, NV does not seem to be the factor responsible for the different virulence between VHSV-KR-CJA and VHSV-KR-YGH; the NV sequence of VHSV-KR-CJA was identical to that of VHSV-KR-YGH (GenBank accession numbers JQ651394 and JQ651389, respectively). Comparative analysis revealed 1 nucleotide and 1 amino acid difference between the VHSV-KR-CJA and VHSV-KR-YGH G genes and proteins, respectively. Consistent with our finding, there are other reports of only a single amino acid substitution in the G protein between high and low pathogenicity VHSV isolates (Betts & Stone 2000 , Campbell et al. 2009 ). In addition, in the rabies virus, another rhab dovirus, only a single point mutation within the G gene was detected when comparing a virulent strain with a less virulent strain (Shimizu et al. 2007) . Collectively, these suggest that a few key amino acid changes determine the virulence of rhabdoviruses. However, it is not clear how the single amino acid substitution in the G protein affects VHSV virulence. As the VHSV G protein is involved in the induction of the host IFN response (Boudinot et al. 2004 , Tafalla et al. 2007 , a substitution in the VHSV G protein might affect this induction and thus virulence. Alternatively, the change in the G protein sequence may affect the efficiency of initial entry of VHSV. The rhabdovirus G protein is responsible for the first steps of infection, namely attachment and fusion (Matlin et al. 1982) . Recently, it was reported that the low virulence of a marine isolate of VHSV in rainbow trout was more related to defects in the initial entry and/or replication of the virus than defects in the suppression of the host IFN response (Campbell et al. 2011) . Further studies of the biological roles of mutations in the G gene may reveal the role of this protein in determining the virulence of VHSV.
Here, we isolated 2 VHSV isolates, VHSV-KR-CJA and VHSV-KR-YGH, from cultured flounders during epizootics in South Korea. Field data and experimental mortality tests demonstrated that VHSV-KR-CJA is highly pathogenic while VHSV-KR-YGH is much less pathogenic to cultured flounder. Comparative sequence analysis of the genes of these 2 viruses, however, confirmed a close genetic relationship between these 2 isolates, which belong to the Genotype IVa group of VHSVs. Even though we were not able to determine the factors responsible for the different virulence of these 2 isolates, our results suggest that only small differences in the VHSV genome modulate the pathogenicity of VHSV. This is the first report of VHSV isolates that are genetically similar but differentially virulent in cultured flounder. The exact source of these viruses remains unknown. However, marine VHSV was likely introduced into cultured flounder as a low pathogenic VHSV strain and then evolved into a highly pathogenic strain due to a single mutation. We recommend that further VHSV introduction from marine water into fish farms be prevented to prevent VHS diseases in cultured flounder. 
